The 5' termini of linear forms of avocado sunblotch viroid (ASBVd) isolated from infected tissue have been determined by primer extension analyses. According to the different termini identified, four main populations of linear viroid molecules were found. One of them had the same 5' end as the one produced in the in vitro self-cleavage reaction of ASBVd dimeric transcripts mediated by a hammerhead structure, suggesting a possible involvement of this in vitro reaction in the in vivo replication mechanism of ASBVd.
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Viroids are small, single-stranded, circular RNA molecules which infect higher plants (Diener, 1991) . Avocado sunblotch viroid (ASBVd) holds a unique position among viroids (Elena et al., 1991) , in that it has specific self-cleavage of its plus and minus RNA strands in the absence of proteins, in a reaction which is completely dependent on the presence of divalent cations such as Mg 2+ (Hutchins et al., 1986) which so far has not been demonstrated for typical viroids. A conserved hammerhead structure, also found in other self-cleaving small RNAs (for a review see Symons, 1990) , has been proposed to mediate this in vitro reaction. Recently, a second viroid (PLMVd, peach latent mosaic viroid) with self-cleaving ability via hammerhead structures in the RNAs of each polarity has been characterized (Hern~ndez & Flores, 1992) . However, despite its potential interest, to date there is no direct evidence for a role of these self-cleavage reactions in the replication cycle of ASBVd or PLMVd in vivo. This is not the case for other self-cleaving RNAs. For instance, the linear encapsidated forms of the satellites of tobacco ringspot virus and barley yellow dwarf virus have been found to have the same termini as those produced by the in vitro selfcleavage (Prody et al., 1986; Miller et al., 1991) . In addition, the circular encapsidated forms of the virusoids of the Solanum nodiflorum mottle virus and velvet tobacco mottle virus have an atypical 2'-phosphomonoester which almost certainly reflects the ligation site (Kiberstis et al., 1985) and which is coincidental with the in vitro self-cleavage site (Symons, 1990) .
In addition to circular molecules, linear monomeric forms can also be isolated from several viroid-infected plants (the 'native' linear forms). These linear forms were once thought to be artefacts from extraction procedures since purified circular viroid could be easily nicked in vitro in a Mg~+-catalysed reaction (S/inger et al., 1979) . However, a population of linear molecules with biological significance probably also exists. When linear forms of chrysanthemum stunt viroid were isolated with buffers containing EDTA, they were found to be as infectious as the circular ones and to have 5' termini not produced by metal ion-catalysed reactions (Palukaitis & Symons, 1980) . More recently, the infectivity of monomeric linear viroid molecules of citrus exocortis viroid synthesized in vitro has been reported (Ridgen & Rezaian, 1992) . As a rolling circle mechanism has been proposed for viroids and other circular plant pathogens (Branch & Robertson, 1984 ; for a review see Stinger, 1987) , native linear monomers isolated from viroid-infected tissues could represent processing intermediates generated by such a mechanism. To investigate the participation of the ASBVd self-cleavage reaction in the in vivo replication cycle of this viroid, we have mapped by primer extension analysis the 5' termini of naturally occurring linear ASBVd to determine whether the end which is generated via the hammerhead structure is also present in vivo. The analysis was also aimed at determining whether these native linear molecules were opened at more than one site.
When ASBVd-infected avocado leaves were processed as previously reported (L6pez-Herrera et al., 1987) to isolate circular ASBVd forms, up to 5 % of the purified viroid RNA was found to be linear monomers (data not shown). The 5' termini of these native ASBVd linear monomers were determined by primer extension analysis. Reverse transcription was primed either with 5' end- Before reverse transcription, 100 ng of viroid RNA and 100 ng of 5' end-labelled oligonucleotide were denatured at 80 °C for 3 min and rapidly cooled on ice. Subsequently, samples were incubated at 42 °C for 1.5 h with 50 units of avian myeloblastosis virus reverse transcriptase (Promega) and 30 units of human placental ribonuclease inhibitor (RNasin, Amersham) in the presence of 100 mM-Tris-HC1 pH 8'3, 20 mM-KC1, 3 mM-MgC12, 10 mM-DTT, 1.5 mM-Na2P~Or, and 250 gM each ATP, GTP, CTP and UTP. A monomeric ASBVd clone was also sequenced with chain-terminating inhibitors (Sanger et al., 1977) using oligonucleotide I as the sequencing primer. The labelled DNAs synthesized in the reverse transcription and sequencing reactions were analysed in 5 % polyacrylamide (acrylamide: bisacrylamide, 30: 1), 89 mMTris, 89 mM-borate, 2.5 mM-EDTA, pH 8-3, 7 M-urea gels, which were then autoradiographed. The population of native ASBVd linear molecules contained at least four representatives, the 5' termini of which were deduced by primer extension (Fig. 1 a,  arrowheads 1 to 4) . The analysis was carried out with five different preparations of purified linear ASBVd forms, although only representative results from two of them are shown (Fig. 1 a, lanes 3 and 4) . The use of two different primers allowed an internal control of the reliability of this approach. Two additional controls were also included: reverse transcription (i) on circular ASBVd forms (Fig. 1 a, lane 1) , to discriminate stops due to viroid regions rich in secondary structure, and (ii) on artificially generated linear forms (Fig. 1 a, lane 2) , as a control for randomly nicked molecules. As expected, reverse transcription on circular viroid forms generated longer-than-unit length cDNAs (Fig. 1 a, lane 1) which were not detected when primer extension was carried out on linear forms (Fig. 1 a, lanes 2 to 4) . The differences in the reverse transcription patterns between the linear forms extracted from infected tissue and the two different controls showed the non-artefactual character of the former. To test that the native linear forms were not a result of artefactual nicking of circular molecules during the extraction procedure, purified circular (monomeric or dimeric) ASBVd was included as a component of the EDTA-containing buffer in the extraction of healthy avocado tissue; only minimal amounts of linear ASBVd were detected in the extracted nucleic acids, which did not account for the proportion of linear ASBVd found in infected tissue (data not shown).
The 5' termini numbered 1 and 2 were accurately located by sequencing at residues U56 and A9, respectively, when the reverse transcription reaction was primed with oligonucleotide I (Fig. 1 a) . The 5' end 2 was located at the same A9 when the reaction was primed with oligonucleotide II (using in this case the sequencing ladders generated with oligonucleotide I as a molecular size marker). The position of 5' end 1 corresponded to an approximately monomeric length cDNA primed with oligonucleotide II, which is in agreement with the location found using oligonucleotide I. The positions of 5' termini 3 and 4 were determined, as accurately as possible by comparison of the cDNAs produced by reverse transcription with molecular size markers, to be between residues 121 to 127 and 107 to 111, respectively. Other stops have been not taken into account since they were not found with all the preparations of native linear forms of ASBVd.
Previous experiments using either end labelling and subsequent sequencing (Kikuchi et al., 1982) or primer extension analyses (Palukaitis & Zaitlin, 1987) have shown that preparations of native linear forms of potato spindle tuber viroid have a defined set of 5' termini. Our work has attempted to identify the termini of the naturally occurring linear molecules of ASBVd. As concluded from the results presented, a significant proportion of linear forms of ASBVd isolated from infected tissue has the same 5' end ( Fig. 1 a and b , black arrowhead 1) as the one produced in the in vitro self-cleavage reaction (Fig. l b, white arrow) . This conclusion supports the hypothesis that the in vitro processing mechanism (or a related one perhaps aided by cellular components) is also operating in vivo. If this is the case, the population of linear ASBVd molecules with 5' end 1 could be the processing products of the longerthan-unit length RNA intermediates of the rolling circle replication mechanism proposed for viroids. On the monomeric ASBVd clone using oligonucleotide I as primer are also shown (lanes U, C, G and A refer to the ASBVd template which was copied and therefore the 3' end is at the bottom of the gel). The main reverse transcription stops, corresponding to 5' termini in the linear forms isolated from infected tissue, are indicated by black arrowheads and numbered (1 to 4, the same number in both oligonucteotides indicating the same end). Stops 1 and 2 are also located at the left in the written sequence where the arrowheads point to the first 5' residue. Migrations and sizes of DNA markers, as well as the migration of ASBVd linear monomer (M), are indicated at the right. (b) Location of the 5' termini on the rodlike structure of ASBVd. The in vitro self-cleavage site (Hutchins et al., 1986 ) is indicated by a white arrow. Black arrowheads (1 and 2) indicate 5' termini accurately located in the ASBVd sequence, whereas white arrowheads (3 and 4) indicate only approximate locations (see text). The positions to which oligonucleotides I and II are complementary are also shown by black bars at the top.
other hand, we do not know whether the 5' termini 2 to 4 have either the same functional significance (and if they do, alternative in vivo processing sites have to be postulated) or another different one. The 5' end 2 is located 47 residues upstream of the in vitro self-cleavage site, and the transcript of the satellite 2 DNA from the newt (the only known RNA of animal origin selfcleaving in vitro through a hammerhead structure) has been shown to start 46 to 47 residues upstream from the in vitro self-cleavage site when it is extracted from newt ovary (Epstein & Gall, 1987) .
